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         Chapter 1 is an introduction section. Recent studies of the coupling of gold 
nanoparticles and different biomolecules on the stability of these biofunctionalized 
gold nanoparticles, and challenges faced with these functionalized gold 
nanoparticles are reviewed. The particle organization through biomolecular 
recognition and its characterization are elaborated afterwards. Finally, the 
motivation and the organization of this thesis are described. 
         In chapter 2, experimental methodologies used in this thesis are introduced. 
The synthesis of biotin-functionalized gold nanoparticles and the assembly of these 
particles via biotin-streptavidin molecular recognition onto the substrate were 
studied. UV-Vis, FTIR, and TEM, which were used to characterize 
biofunctionalization of the gold nanoparticles, are described. Moreover, surface 
plasmon resonance spectroscopy (SPRS) for monitoring the particle organization 
on the substrate and hence exploring SPR sensitivity improvement by the particle 
assemblies is elaborated. AFM studies of the particles’ topologies and the particle 
density and measurements with the quartz crystal microbalance (QCM) are also 
discussed. In the following, chapter 3 and chapter 4 are results and discussion, 
respectively.  
         In chapter 3, lasers with three different wavelengths were used to explore 
SPR sensitivity improvement by the biotin-functionalized gold nanoparticles. UV-
Vis and FTIR spectra showed that the gold nanoparticles were successfully 
biofunctionalized and the particle size was ca. 23-24nm in diameter, measured by 
TEM. The functionalized particles showed good stability and the biotin moiety 
retained its molecular recognition property. For the assembly of these particles, 
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biotin firstly self assembled on a flat gold film, followed by the formation of a 
streptavidin layer via molecular recognition. Angle shifts of the biotin and 
streptavidin layers were 0.4 and 0.5 degree respectively. Lastly, biotin-
functionalized gold nanoparticles formed a layer on the streptavidin layer. The 
particle immobilization greatly improved the SPR sensitivity at λ= 633 nm. 
Moreover, the amplification of the SPR sensitivity by particle assemblies at the 
other two wavelengths, i.e. λ=1152 nm andλ=543 nm, was also observed and 
studied. The SPR perturbation at λ=543 nm was shown to be the result of local 
plasmon absorption by the gold nanoparticles and the SPR curve at λ=1152 nm 
became sharper as a result of the decrease of the damping, which is related to the 
decay length of plasmons at the Au/sample interface.  
         In order to further understand the mechanism of SPR sensitivity enhancement 
by gold nanoparticles, the dielectric constants of the gold nanoparticles were 
calculated and discussed in chapter 4. Based on the Maxwell-Garnett theory, a 
model was developed and the corresponding equations were derived. In order to 
obtain the solutions, the particle density was measured by AFM and QCM, 
respectively, and effective dielectric constants of the gold nanoparticles were 
determined from SPR curve simulations. The obtained values of the dielectric 
constants of the gold nanoparticles helped to understand at a fundamental level the 
mechanism of SPR sensitivity improvement by the gold nanoparticles. Chapter 5 
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Chapter 1 Introduction 
  
1.1 Bionanotechnology overview 
 
Nanostructured materials are unique as compared with both individual 
atoms/molecules at a smaller scale and the macroscopic bulk materials. Their 
properties are critically influenced by quantum confinement, quantum coherence 
and surface/interface states. Nanoscience and nanoengineering are considered to be 
an area where breakthroughs are most likely to be produced.   Richard Feymann’s 
1959 visionary lecture, “There is plenty of room at the bottom”, has often been 
quoted when people discussed about these issues [1]. Nevertheless, not until the 
advent of scanning probe microscopes (STM, AFM, NSOM) [2-7], combined with 
the advances of synthetic chemistry and colloidal chemistry, the manipulation and 
preparation of nanometer-sized objects and quantum-confined materials became 
possible. 
       Now, in general two kinds of methods (see Fig. 1.1), top-down and bottom-up, 
are applied to fabricate well-defined nanostructured materials. Top-down methods 
include photolithography [8], microcontact printing [9], dip-pen lithography [10]. 
Bottom-up methods mainly concern direct organic synthesis and assembly of 
molecular (especially macro-) and colloidal building blocks to create larger, 
functional devices [11, 12]. Although top-down methods offer a lot of 
opportunities in miniaturization of devices, bottom-up methods demonstrate 
promising advantages over top-down ones, especially in finely controlling object 
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size and their corresponding physical and chemical properties. For example, color 
emissions of synthesized luminescent quantum dots CdSe/ZnSe strongly depended 
on their synthesized size and composition [13], which can not be obtained by top-
down methods. To date, bottom-up methods have been widely used to make 
nanostructured materials [14-19], in particular using block copolymers, colloidal 
suspensions, surfactants, and/or proteins as building blocks to form 
nanoarchitectures. Additionally, the emergence of novel scanning probes provides 
powerful tools to characterize nanoscopic materials and to explore novel 
phenomena during the fabrication processes [20]. We already know the particle-
size-dependent emission properties of semiconductor quantum dots (QDs), the 
unusual ion and electron transport properties of two dimensional films, and the 
cooperative chemical reactivity of organized assemblies. As the field evolves, we 
will see more examples. 
 
 
              Fig. 1.1 Nanotechnology   
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         Although a fundamental understanding is yet to be attained, nanoscience and 
nanoengineering in recent decades have expanded into bio-related fields, called 
bionanotechnology, along with the rapid development of life sciences. In view of 
biotechnology and nanotechnology existing at the same length scale, i.e. nanometer 
scale, merging these two disciplines will allow us to take advantage of the 
improved evolutionary biological compounds (as building blocks) to generate new 
smart materials, functional devices with miniaturization; on the other hand to 
explore novel physicochemical phenomena and even biological problems during 
the manipulation of these building blocks including colloidal nanoparticles and 
biological compounds [21]. 
 
1.2 Coupling of gold nanoparticles and biomolecules 
 
Bio-nano-conjugates are in the center of bionanotechnology. Among bio-
nano-conjugates, gold nanoparticles coupled with biomolecules attracted great 
attention in the last decade due to their ease of preparation and coupling and good 
tunability of its size etc.. On the one hand, diverse synthetic methods of gold 
nanoparticles, a simple synthetic procedure as compared to that of semiconductors, 
and good stability offer great advantages for coupling with biomolecules. On the 
other hand, more and more biomolecules, synthetic or natural, can be tailored to 
functionalize gold nanoparticles.  
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1.2.1 Syntheses of stable and monodispersed gold colloids   
 
     The synthesis of stable and monodispersed gold colloids is the first and 
essential step for further coupling. Colloidal nanoparticle syntheses have been 
known for a long time, but very recently much research work has dedicated to 
nanoparticle syntheses specifically for the construction of nanodevices and 
nanostructured materials [22].  
A variety of chemical methods can be employed to produce monodispersed 
colloidal gold suspensions. Among these methods, three methods have become the 
most common. They are the sodium citrate method [23], the borohydride method 
[24] and the ethyl alcohol method [25] in the presence of magnesium. In all three 
methods, tetrachloroauric acid (HAuCl4) is reduced by a reagent. The greater the 
power and concentration of the reducing agent are, the smaller the resultant gold 
particles in the suspension generally are.  For example, in order to create colloidal 
gold from medium to large size, an aqueous solution of tetrachloroauric acid is 
treated with trisodium citrate in aqueous solution. This results in particles sized 15-
150 nm, the final range depending on the concentration of the citrate used in the 
reduction process [26]. The following paragraph explains the effects of reducing 
time and concentration of the reducing agent on the final particles. 
       Before the addition of the reducing agent to produce gold colloids, 100% 
gold ions exist in solution. Immediately after the reducing agent is added, gold 
atoms are yielded quickly to nucleate, and the concentration of the nucleation sites 
rises rapidly until the solution reaches supersaturation. The formation of nucleation 
sites, in response to the supersaturation of gold atoms in solution, occurs very 
quickly.  Fig. 1.2 shows the dynamics of particle growth. The number of nuclei 
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formed initially determines how many particles finally grow in solution. At a fixed 
concentration of tetrachloroauric acid in solution, the number of nuclei that will 
form grows larger as the concentration of the reducing agent increases. The more 
nuclei, the smaller the gold particles produced. Finding the optimal concentration 















 Fig. 1.2 Concentration as a function of time in colloids nucleation and growth and the 
corresponding evolution of cluster size 
 
  
         Gold colloids are composed of an internal gold core and a surface layer of 
stabilizing agent (often charged). These charged ions prevent particles aggregation. 
Hence special precautions have to be taken to avoid aggregation or precipitation. 
For example, glassware needs to be cleaned thoroughly and reagent solution and 
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1.2.2 Synthetic strategies to functionalize gold nanoparticles and 
coupling of gold particles and biomolecules 
 
1.2.2.1 Synthetic strategies to functionalize gold nanoparticles 
 
Three methods (see Fig. 1.3) are currently used to prepare functionalized 
gold nanoparticles, i.e. “direct synthesis”, “postsynthetic modification”, and 
“ligand exchange”. The synthesis of specifically functionalized nanoparticles can 

















Fig. 1.3 General synthetic approaches to preparing functionalized nanoparticles. X and Y 
denote different functional groups respectively. For reference each step is indicated by a 
lowercase letter.   
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        The first one is “direct synthesis”. The nanoparticles are prepared under the 
conditions where the stabilizing ligand shell (functional group) is introduced 
directly during the synthesis. This approach is the most straightforward one as long 
as the functional groups do not interfere with the particle formation reaction or 
require a complicate purification. This method has widely been used in preparing a 
variety of functionalized gold clusters. One example is Aun(SR)m with functional 
group RS-, prepared by direct addition of RSH and NaBH4 (reducing agent) into 
the HAuCl4 toluene solution [27]. Another one is Aun(RNH)m with functional 
group HN-, prepared by the addition of RNH2 and NaBH4 into the HAuCl4 toluene 
solution [28].  
The second is “ligand exchange”, which involves exchanging the 
passivating layer introduced during the direct synthesis with a new functional 
ligand. The success of this approach relies on identifying the appropriate leaving 
and entering groups so that the exchange takes place without altering the 
nanoparticle core. Ligand exchange may involve the replacement of the existing 
ligand with the same ligand type (e.g. thiol to thiol) or with a different ligand type 
(e.g. phosphine to thiol). The key advantage of ligand exchange method is that it is 
possible to prepare a diverse library of functionalized nanoparticles starting from a 
single precursor. In many cases it is possible to use ligand exchange to introduce a 
different ligand shell while preserving the size and therefore the interesting optical 
and electronic properties of the nanoparticles’ core. Ligand exchange reactions of 
gold nanoparticles, based on the identities of both entering and leaving ligands, are 
classified into six types. These six types include thiol-to-thiol (T→T), phosphine-
to-phosphine (P→P), phosphine-to-thiol (P→T), phosphine-to-amine (P→A), 
citrate-to-thiol (C→T), and surfactant-to-thiol (S→T) exchanges [29-36]. In each 
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class, the functional groups used to describe the outgoing and incoming ligands are 
the groups that bind directly to the nanoparticle core. Ligand exchange reactions 
can be carried out in either a single solvent phase or under biphasic conditions, 
depending on the solubility of the nanoparticles and the exchanging ligands. Most 
of the reported ligand exchange reactions take place in a single solvent phase in 
which the nanoparticle and the incoming ligand are both soluble and yield products 
that have the same core diameter and solubility as the starting nanoparticles [37]. In 
cases where solubilities of the nanoparticle and the ligand are different, reactions 
are often carried out in biphasic systems where ligand exchange occurs at the 
interface of the two solvents [38]. In nearly all single-phase or biphasic ligand 
exchange reactions, the size and size dispersity of the starting gold core are 
preserved in the exchange product. The availability of many ligands and relatively 
mild exchange reaction conditions provide broad applicability and versatility of 
ligand exchange as a method for preparing functionalized nanoparticles.   
The third one is “postsynthetic modification” or “grafting”. In this method, 
functionality is introduced through the modification of the internal functional 
groups of an existing ligand that is typically introduced with the direct synthesis 
approach or a combination of direct synthesis and ligand exchange methods. 
Postsynthetic modification requires that the nanoparticles be stable under the 
conditions required for functional group transformation. Some people introduced a 
functionality capable of interacting with biomolecules for the purpose of 
generating image contrast in electron microscopy [39]. In these cases, the gold 
nanoparticle as a precursor is prepared by direct synthesis and/or ligand exchange, 
and each contains a chemically accessible functional group at the periphery of the 
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passivating ligand shell. The functional group is then converted (through a 
chemical transformation) to a new functionality.  
Both the postsynthetic modification approach and the ligand exchange 
approach rely upon the availability of an appropriate precursor particle. As long as 
a suitable precursor is available or identified, they provide a great opportunity for 
rapid generation of diverse libraries of functionalized nanoparticles since many 
functionalized nanoparticles can be prepared from the same precursor.  
 
1.2.2.2 Coupling of gold particles and biomolecules 
 
      Coupling of gold nanoparticles and biomolecules occurs between functional 
ligand and the surface of the gold nanoparticles (Fig. 1.4). Most of these coupling 
reactions were carried out through exchange methods. In these exchange reactions, 
the precursor nanoparticle preparation was carried out in the presence of stabilizing 
agents (often citrate, phosphine, or thiol), followed by the exchange between the 
biomolecules and the stabilizing agents. The biomolecules are often thiolated 
proteins or DNA. The optimal coupling ratio can be determined by means of a 
flocculation assay. For instance, gold nanoparticles were functionalized by IgG 
molecules at high pH values [40]. Other coupling reactions include direct 
adsorption of heme-containing redox enzymes on the surface of gold nanoparticles 
[41-43] and carbodiimide-mediated esterification and amidation for coupling 
biological components. For instance, to prepare gold conjugates as probes for 
histological applications, this strategy is routinely used in the coupling proteins 
with well-defined 0.8-nm undecagold nanoclusters [44].  
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1.2.3 Stability of biofunctionalized gold nanoparticles 
 
         The stability of functionalized gold nanoparticles depends mainly on the 
balance of the repulsion and the attraction between particles [45], which is closely 
related to the nature of the gold core and the shell layer. Colloidal particles can 
interact with each other due to Brownian motion. Such interactions occur many 
millions of times per second, even in quite dilute sol, so that double electrostatic 
layers overlap or interpenetrate one another. The resulting interactions have a 
profound effect on the stability of the particles. The attractive force is mainly from 
Van der Waals force, known as Hamaker force, and the repulsive force from the 
electrostatic repulsive force of the like charges and/or steric hindrance of 
molecules (especially macromolecules) on the surface of colloidal particles. The 










Where V is the sum of the repulsion potential and the attraction potential, Va is 
potential energy of attraction due to long range Van der Waals forces while Vr is 
the repulsion potential, D is the distance between the surfaces of the adjacent 
particles, n is the number of ions per unit volume, k is Boltzman constant, Z is 
charge number of the ions around the particles, T is the Kelvin temperature, κ is the 
Debye-Hűckel parameter. This equation is known from DLVO theory. The main 
assumptions are that the electric double layers surrounding the surface of the 
particles and adjacent particles are regarded as plates in a medium. It is clear that 
the magnitude of the interaction increases without limit as the separation between 
the particles decreases, so that at small separations the attraction must be the 
dominant effect (see Fig. 1.5). Likewise, at very large distances, the Van der Waals 
energy is decreasing as the inverse second (or perhaps the third, if retardation is 
involved) power of the distance, whereas the repulsion energy is decreasing 
exponentially. It follows that the attraction must again dominate at large distances, 
because an exponential fall-off is much faster than the inverse power. Thus the 
total interaction energy is always attractive for very small and very large distances. 
In case of biofunctionalized gold nanoparticles, although gold particles have 
relatively large Hamaker constant, steric hindrance of protein or DNA and/or 
electrostatic repulsion between the adjacent particles often keep the particles stable 
for a considerable period of time.   Nevertheless, special precaution still needs to 
be taken during the storage and redispersion of these particles in case additional 














Fig. 1.5 The total potential energy of interaction, VT, for (a) a stable, (b) a marginally 
stable, and (c) an unstable sol. Case (b) corresponds to the critical coagulation [45] 
 
1.2.4 Challenges faced in coupling of gold nanoparticles and 
biomolecules 
 
The above examples demonstrate that some chemical means have been 
explored for the linkage of inorganic and biological materials. However, there is 
still a great demand for alternative methods to solve typical problems in the 
biofunctionalization of inorganic nanoparticles. In particular, harsh reaction 
conditions often lead to the degradation and inactivation of sensitive biological 
compounds, and ligand-exchange reactions that occur at the colloid surface often 
hinder the formation of stable bioconjugates. Moreover, the synthesis of 
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stoichiometrically defined nanoparticle-biomolecule complexes is a great challenge, 
and is particularly important from a molecular engineering point of view to 
generate well-defined nanoarchitectures.   The ideal nanoparticle sample is the one 
that possesses a distinct size with no dispersity and a ligand shell possessing the 
desired functional group composition. To attain materials with structures and 
compositions that approach this ideal material, a number of specific challenges 
have to be faced during synthesis:  
      ● Metal core size and core size dispersity: Since optical and electronic 
properties of these biofunctionalized gold nanoparticles depend markedly on the 
size of the metal core and the dispersity in core size, size-tunable gold particles 
with a narrow dispersity or no dispersity are necessary. 
    ● Surface functionalization: The challenge to developing functionalization 
chemistry involves identifying methods wherein the desired functionality can be 
introduced and the composition of the shell can be controlled as desired without 
adversely affecting the metal core.  
     ● Stability: Producing nanoparticles that can be readily isolated, purified, 
stored, and used presents significant challenges. There exist a number of 
decomposition routes for metal nanoparticles, including aggregation, etching, 
Ostwald ripening, etc. As mentioned above, it is often possible to inhibit these 
mechanisms of decomposition through stabilization by a molecular or polymeric 
encapsulating layer. Proper stabilization is especially important during purification 
when the particles spend long periods in solvent or in contact with chromatography 
supports (treatments that often lead to decomposition). 
      ● Ease of synthesis (utility): A final, general challenge that needs to be 
addressed is of convenience. A powerful example of how the ease of synthesis 
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spurred interest in this field of research is the synthesis, published by Brust et al., 
of thiol-stabilized gold nanoparticles [46]. This report in 1994 has, to date, led to 
citations in more than 400 papers (Scientific citation index research, October, 
2001), many describing studies of the nanoparticles properties. Thus, the improved 
synthetic method made possible many physical investigations and provided 
materials for numerous applications. Prior to this advance, investigations of ligand-
stabilized gold nanoparticles were rare, having been limited to the more difficult to 
prepare phosphine-stabilized materials. 
 
1.3 Biomolecule-directed gold nanoparticle organization 
and its applications 
 
        The above bio-nano-conjugates employed as building blocks for 
nanoarchitectures exhibit the following characteristics [21]. Firstly, they have 
distinct intrinsic functionality, such as steric, optical, electronic, or catalytic 
properties; secondly, they can be organized through their specific constitution, 
configuration, conformation, and dynamic properties to enable specific recognition 
[20, 47]; lastly, they usually have an appropriate size to bridge the gap between the 
submicrometer dimensions that are reachable by classical top-down engineering 
and the dimensions that are addressable by classical bottom-up approaches. Due to 
such characteristics, these bio-nano-conjugates, inorganic nanoparticles conjugated 
with biomolecules, e.g. proteins, oligonucleotides [48-51], can assemble to form 
two or three dimensional nanoarchitectures. For instance, gold particles conjugated 
with one strand of oligonucleotide, assembled into two or three dimensional 
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networks with another set of particles conjugated with complementary 
oligonucleotide, resulting in quick color changes of the solution where the 
interaction occurred [52]. This provides an easy way to detect DNA with high 
sensitivity.  
The building blocks are organized into nanoarchitectures through the 
following approaches [21, 53-57] (see Fig. 1.6): (1) two sets of particles are 
functionalized with individual recognition groups that are complementary to each 
other; (2) the particle-bound recognition groups are not complementary to each 
other, but can be bridged through a biospecific linker molecules; (3) bivalent 
linkers can directly link the surface of two sets of particles. No doubt, these 
biomolecules’ recognition capabilities provided the basis for entirely novel routes 
to construct advanced materials and nanodevices rationally.  
 
 
Fig. 1.6 Solution-phase organization of biofunctionalized inorganic nanoparticles: a) Two sets of 
nanoparticles biofunctionalized that can be complementary to each other; b) Two set particles 
biofunctionalized that are not complementary but connected by bispecific linker molecules; c) two 






Bio-nano-conjugate organizations can be divided into two categories 
according to the molecules directing the organization, i.e. protein-directed 
organization and DNA-directed organization. 
 
1.3.1 Protein-directed gold nanoparticle organization 
 
Connoly and Fitzmaurice used streptavidin (STV)-biotin interaction to 
organize gold colloids that were functionalized by thiolated biotin analogues [58]. 
The subsequent cross-linking was achieved by the addition of STV as a linker. The 
immediate change of the sol from red to blue was indicative of the formation of 
oligomeric networks. This process was also monitored by dynamic light scattering 
(DLS), which showed that the average hydrodynamic radius of all particles in 
solution rapidly increased upon STV-directed assembly. TEM revealed networks 
with an average of 20 interconnected particles that were separated by about 5 nm, 
which correlates with the dimension of a STV molecule. Small angle X-ray 
scattering was employed to probe the solution structure of the networks. Shenton et 
al [40] functionalized gold nanoparticles with immunoglobulins of class G and E 
(IgG and IgE, respectively), which had a specificity directed against either the D-
biotin or the dinitrophenyl group (DNP). A monospecific linker containing two 
DNP moieties, and a bispecific linker were used to induce the directed assembly of 
homo-oligomeric or heterodimeric aggregates. Besides three dimensional networks, 
two dimensional arrays by assembling functionalized gold nanoparticles on 
substrates were also studied [59]. It was reported that gold nanoparticles were 
assembled on an avidin layer, which was immobilized on a lipid matrix. QCM 
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results showed that the organization of the gold nanoparticles was driven by the 
high affinity between biotin-avidin molecular recognition.  
The above findings suggest that the STV-biotin system is versatile for 
developing novel strategies for assembling nanoparticles in solution or on a 
substrate. The applicability of the STV-biotin system for generating 
supramolecular networks is enhanced by the availability of various biotin 
analogues [60], and recombinant STV mutants [61]. A wide range of rate and 
equilibrium constants between biotin and avidin can be used to finely tune the 
dynamic and structural properties of colloidal hybrid materials. It was suggested 
that extensive use of protein-based assembly could lead to a “factory of future”, in 
which the spatially-defined aggregates take place by means of the bottom-up 
assembly of nanoparticles, directed by multiple highly specific biomolecular 
recognition elements [62]. 
 
1.3.2 DNA-directed gold nanoparticle organization 
 
        DNA is particularly suitable to serve as a construction material in 
nanoscience due to its enormous specificity of the adenine-thymine (A-T) and 
guanine-cytosine (G-C) Watson-Crick hydrogen bonding. Thiolated DNA was 
synthesized for functionalization of gold nanoparticles and DNA base-pair 
complementarity was used to assemble particles into three dimensional networks, 
reported by Alivisatos and Mirkin and other groups [63-72]. In order to control the 
stoichiometry, Alivisatos et al synthesized well-defined monoadducts from 1.4 nm 
gold clusters that contain a single reactive maleimido group and thiolated 18-mer 
oligonucleotides. Subsequent to the purification, these conjugates allowed rational 
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construction of well-defined nanocrystalline molecules by means of DNA-directed 
assembly with a single strand template, which contains the complementary 
sequence stretches. Depending on the template, the DNA-nanocluster conjugates 
were assembled to generate the head-to-head and head-to-tail homodimeric target 
molecules.  Mirkin et al assembled functionalized 13-nm gold nanoparticles into 
three dimensional networks, which demonstrated great potentials in DNA detection 
(see Fig. 1.7). They used C→T (citrate to thiol) ligand exchange to prepare 
oligonucleotide-functionalized gold nanoparticles, starting from nanoparticles 
prepared by the sodium citrate reduction of HAuCl4 [69]. After synthesis and 
purification, the oligonucleotide-derivatized nanoparticles were mixed with an 
unmodified strand of DNA complementary to the two strands attached to the 
particles. The formation of the nanoparticle assemblies was monitored by UV-Vis 
spectrometer, and the final assemblies were characterized by TEM. Over the 
course of several hours, a grey precipitate formed, which they believed to be a 
highly cross-linked assembly of gold nanoparticles. To test this hypothesis, they 
heated the nanoparticle sample and monitored with UV-Vis spectrometer. They 
observed the sharp transition temperature (42 °C) of nanoparticle/DNA assemblies, 






Fig. 1.7 Schematic of oilgonucleotide-functionalized gold nanoparticles self-organizing 
into 3-dimensional network through DNA base-pair complementarity [69] 
 
 
 The assembly of DNA-coupled gold particles onto a substrate to form two 
dimensional arrays was also well explored. Niemeyer et al [73] and Maeda et al 
[74] studied two-dimensional DNA-gold nanoparticle networks. Taton et al have 
employed oligonucleotide-functionalized particles to assemble nanoparticle 
multilayers on a glass substrate [75].  Mirkin et al functionalized a glass substrate 
with a single-stranded DNA that complements those attached to the nanoparticle 
cores and the substrate was then soaked in a solution containing DNA-
functionalized nanoparticles to form a particle monolayer on the surface via DNA 
hybridization (see Fig. 1.8) [75, 76]. This strategy was later developed into 
colorimetric and electricity-based biosensors. Additionally, McIntosh et al. [77] 
made use of water soluble functionalized gold particles to form mixed-monolayer. 
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Fig. 1.8 Schematic of DNA detection through oligonucleotide-functionalized gold 




1.4  Characterization of nanoparticle organizations 
         
        The characterization of the above novel nanoparticle assemblies is essential 
to elucidate structural features, interparticle interactions, superstructure 
functionality, and the relationship between the nature of individual particles and 
their collective behaviors. Here we just focus on the methods for the 
characterization of gold nanoparticle assemblies. 
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1.4.1 Microscopic methods 
 
       Microscopy is a powerful method for the characterization of nanoparticles. 
This method can directly obtain an accurate picture of nanoparticle size and shape 
distributions and film morphologies. The development of scanning electron 
microscopy SEM has allowed visualization of the samples in nanometer scale. 
Moreover, the advances of transmission electron microscopy (TEM) provide the 
best images in view of electron-accelerated microscopy, even allowing the 
visualization of particle crystallinity and the surface-stabilizing layer.  At the same 
time, scanning probe microscopies add new members to the family of tools for 
exploring the nanometer world. For example, atomic force microscopy (AFM) can 
give the topologies of the nanoparticle assemblies. However, it is needed to note 
that the interpretations of AFM images can be problematic if the underlying 
substrate is not completely flat and AFM resolution does not match that of electron 
microscopy. Despite these drawbacks, AFM has great advantages in viewing 
almost any flat substrate, even those containing multilayer assemblies [35]. 
  
1.4.2 UV-Vis spectroscopy 
 
 
         In this section, plasmon absorption of gold nanoparticles was discussed, 
followed by coupled plasmon absorption. At the nanometer scale, electron gases of 
gold particles can oscillate and absorb electromagnetic radiation at a certain 
wavelength [78, 79]. This resonance, known as plasmon absorbance, occurs in the 
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UV-Vis range. Very small particles (<1-2 nm) do not display this phenomenon, as 
their electrons exist in discrete energy levels, and bulk gold has a continuous 
absorption in the UV-Vis-IR region. The exact wavelength and intensity of the 
absorbance maximum depend on factors such as surface functionality, temperature 
[80], and the solvent. This effect is often used to give a quick assessment of 
colloidal concentration and particle size in solution if these conditions are known.  
The close contact of optically absorbing nanoparticles leads to the 
appearance of an absorbance band attributed to the coupled plasmon absorbance of 
the particles. This property has been predicted theoretically [81] and has been 
shown by a Langmuir-Blodgett film of gold nanoparticles with a loss of electrical 
resistivity at interparticle separations less than 5 nm [82]. The more particles that 
are in contact, the longer the range of the plasmon coupling. Very long range 
coupling can lead to the absorbance that is red-shifted several hundred nanometers 
from that of individual particles. Integration of the spectral region containing 
coupled plasmon absorbance has been used as an empirical assay of the degree of 
coagulation within colloidal gold solutions [83] and as the indicator in DNA 
sensors [63-65]. The characteristic absorbance also appears if multilayers of 
colloidal particles are constructed on surfaces [84]. As the number of layers 
increases, the plasmon absorbance (λ≈520 nm) of individual particles increases, 
while simultaneously an absorbance band at λ≈650 nm forms, strengthens, and 
shifts bathochromically. This energy is the region expected for interparticle 
plasmon absorbance and the increase in wavelength is indicative of increasing 
particle network size as the assembly grows.  
Finally, some of the data recorded by UV-Vis spectroscopy of nanoparticle 
assemblies are from light scattering and reflectance with the increasing particle 
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density or layer growth. Light scattering contributions of gold aggregates appear in 
the region of 650-800nm [85] and reflectance occurs over the entire frequency 
range. In combination, these effects can cause the broadband feature that is 
observed with the generation of multilayers. 
 
1.4.3 Electrochemistry methods 
 
         If the assemblies were constructed on a suitable substrate, it is possible to use 
a cyclic potential versus a saturated calomel electrode (SCE) to estimate the 
surface coverage of the gold colloidal monolayer. Apart from the vertical 
conductivity noted from cyclic voltammetry, the transverse conductivity of colloid 
assemblies has also been measured. Monolayer films are found to be electrically 
insulating because individual particles are not in close contact, but, if denser arrays 
are prepared, electron transport through the matrix becomes possible. Networks of 
gold nanoparticles connected through dithiols demonstrated a nonmetallic type of 
conductivity when the temperature was varied [57]. The resistance of gold 
nanoparticle arrays separated by organic cross-linkers varies with features such as 
the particle diameter, spacer length, and the number of particle layers. Samples 
consisting of  38 layers of gold particles separated by alkanedithiols of various 
chain lengths demonstrated significantly different surface resistance: 1500, 85, or 
6.5 Ω (at room temperature) for structures with 12, 9, or 6 methylene units between 
the sulfur atoms, respectively [86]. Thus, the addition of three methylene units to 
the chain can increase the resistance by an order of magnitude. Additionally, it has 
been found that colloidal gold multilayers undergo an insulator-conductor 
transition at a critical particle density [87, 88]. Samples containing up to 25×1011 
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particles cm-2 (11 nm) were found to insulate, with a resistance in excess of 107 Ω, 
but further increases of the number of gold layers resulted in an enormous decrease 
in resistance. By the time the gold particle density reached 50×1011 particles cm-2, 
the resistance dropped below 100Ω. This means a change of five orders of 
magnitude upon only doubling the particle content. Highly conductive nanoparticle 
aggregates can be generated if metallic nanowire connections, produced through 
electrochemical growth between the particles, are made [89].  
 
1.4.4 Quartz crystal microbalance (QCM) and Surface plasmon 
resonance spectroscopy (SPRS, also called SPR)   
 
      Both methods, i.e. QCM and SPR, for studies of the assemblies of gold 
nanoparticles were introduced a decade ago. Firstly QCM can monitor the mass 
change upon the formation of layers and afterwards allows for the calculation of 
layer thicknesses. It also can show the homogeneity of layer thickness in repeating 
structures [84, 90-91]. The high mass of metallic colloidal particles means that 
their adsorption is monitored very easily. For example, colloidal gold particles of 
about 8 nm in diameter were deposited onto a QCM surface and nonane-1, 9-
dithiol was used as a linker between the gold layers [91]. The measurements 
clearly showed that a saturated monolayer was obtained, namely, the self-assembly 
process came to saturation. The values obtained for the mass of the individual 
layers are in agreement with expected values. Another example was a QCM 
measurement of STV-directed gold nanoparticle assemblies, described in 1.3.1. 
       Although SPRS technique has been widely used to study a variety of 
chemical and biological molecule interactions at the interface, it is still young for 
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studying colloidal gold assemblies [92-95]. The results demonstrated that the SPR 
signal was enhanced by the particle assemblies. Either antibody-functionalized 
nanoparticles bind to an antigen-functionalized surface or antigen-functionalized 
colloids bind to an antigen-functionalized surface, in which an antibody in the 
solution acts as a linker. Also SPR sensitivity enhancement was extended for DNA 
detection with ca. 10 pM limit of quantitation [96]. SPR study in this area is still in 
its infancy, especially for the mechanisms of SPR sensitivity enhancement.   
 
1.5 Motivation of this thesis 
 
From the above literature review, it becomes evident that the self-
assembly of biofunctionalized gold nanoparticles into a nanoarchitecture is a hot 
topic and has been used for SPR sensitivity improvement. In this thesis, we use 
three different laser wavelengths aiming to study different SPR behaviors of gold 
nanoparticle assemblies. In the following, a model is developed to calculate the 
dielectric constants of gold nanoparticles, aiming to understand the properties of 
gold nanoparticles at the most fundamental level and elucidate the mechanism of 
the SPR sensitivity enhancement by colloidal gold particles.  
          The objectives of this thesis are: 
●  to synthesis stable, monodispersed, biotin-functionalized gold nanoparticles 
● to organize the above nanoparticles onto a substrate for SPR sensitivity 
improvement 
● to explore different SPR behaviors of gold nanoparticle assemblies at λ= 633 
nm, λ=543 nm, λ=1152 nm, respectively 
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● to build up a model and calculate the dielectric constants of gold nanoparticles  
 
1.6 Organization of this thesis 
        
         This thesis is organized as follows. Chapter 2 describes experimental 
techniques used in this thesis. Chapter 3 and 4 present the results and discussion, 
respectively. Chapter 3 studies the SPR sensitivity improvement by the gold 
nanoparticle assemblies. Moreover, different SPR behaviors at three wavelengths 
are studied and discussed. Chapter 4 develops a model to calculate the dielectric 
constants of gold nanoparticles based on the Maxwell-Garnett theory. Simulations 
of the SPR curves and particle density measurements are carried out for the 
calculation of the dielectric constants. Chapter 5 concludes this thesis and points 















Chapter 2 Experimental methodologies 
 
 
     This chapter mainly describes characterization techniques used in this thesis. 
Syntheses of biotin-functionalized gold nanoparticles and STV-directed 
nanoparticle organization are studied. SPR, as a sensitive surface technique to 
characterize the immobilized gold nanoparticle assemblies, is elaborated. AFM, 
which was applied to view particle topologies on the substrates and to determine 
particle density, is described. QCM was used to not only monitor the assembly 
process of the gold nanoparticles, but also to determine particle density. 
Additionally, TEM, FTIR and UV-Vis were used to characterize the 
biofunctionalization of gold nanoparticles.   
 
2.1 Syntheses of biotin-functionalized gold nanoparticles  
 
          Colloidal Au was prepared by citrate reduction of HAuCl4.3H2O using 
Frens’s method [97]. A 1.4 mM HAuCl4.3H2O aqueous solution was heated to 
boiling. To the solution, 10 mL of a 10% aqueous citrate solution was quickly 
added and the reaction continued for 15 min. It then cooled down to room 
temperature and was centrifuged. The centrifugation was repeated two times. Each 
time, the supernatant was removed, the precipitation was washed with MilliQ 
water, and finally redispersed in MilliQ water. 1.0 mg of biotinylated thiol was 
added to the above purified Au sol and stirred, followed by centrifugation in order 
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to remove the excess biotin. The purified sols were redispersed in 0.05 M NaCl of 
PBS buffer solution when in use.  
 
2.2 STV-directed organization of biotin-functionalized 
gold nanoparticles 
 
          Firstly, a mixed thiol solution containing 10 (mol) % of a biotinylated thiol 
and 90 (mol) % of a short thiol(mercaptoundecanol) in ethanol solvent was 
injected into the cell and incubated for ca. 1 hour to form a biotin self-assembled 
film on the substrate precoated with a gold film. Then the solvent was changed to 
0.1M NaCl of PBS (pH 7.4) and a streptavidin solution in PBS buffer was flown 
through the cell for ca. 15 min.. A STV layer was formed via STV-biotin 
molecular recognition. Finally, the solvent was changed to a 0.05M NaCl of PBS 
buffer solution and redispersed biotin-modified Au nanoparticles were injected into 
the cell and incubated for ca. 15 hours. During this time the gold nanoparticles 
assembled on the substrate.  
 
2.3 Surface Plasmon Resonance Spectroscopy (SPRS, also 
called SPR) 
 
2.3.1 Principle of SPR 
 
          At an interface between two transparent media with different refractive 
index, light incoming from the side of higher refractive index would be partly 
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reflected and partly refracted. Above a certain critical angle of incidence, no light 
is refracted across the interface, and total internal reflection is observed. While the 
incident light is totally reflected, its electromagnetic field component penetrates a 
short (tens of nanometers) distance into a medium of a lower refractive index, 
creating an exponentially decaying evanescent wave with a decay length l being a 
function of the angle of incidence [98]. This evanescent wave can be observed 
experimentally by inspecting the optical field near the interface by a scanning near-
field optical microscope (SNOM), or can be derived from Maxwell’s equations 
[99-102].  
         If the interface between the two media is coated with a thin layer of a noble 
metal (usually silver or gold), a resonant excitation of the electron gas in the metal 
as observed by R.H. Ritchie, is called surface plasmon resonance. The coupling of 
the incident light to the surface plasmons results in a loss of energy and therefore a 
reduction in the intensity of the reflected light. Because the amplitude of the wave-
vector in the plane of the metallic film depends on the angle at which it is incident 
on the interface a well-defined resonance angle is observed. An evanescent 
(decaying) wave associated with the plasmon wave extends for a short distance 
(several hundred nanometers) into the medium away from the metallic film. 
Because of this, the total reflection angle depends on the refractive index of this 
medium. The resonance angle is a sensitive function of the dielectric properties, 
and if the incident light is monochromatic and p-polarized, the intensity of the 
reflected light will be greatly reduced at a specific incident angle, producing a 
sharp window due to the resonant energy transfer between the evanescent wave 

















       The SPR signal  will be greatly influenced by any change of the refractive 
index at the interface. The angle of incidence at which this minimum is observed 
will shift due to changes of the refractive index at the interface resulting from, e.g., 
molecules adsorption. Hence, any molecules adsorbed onto the thin metal film 
would be detected by measurements of the minimum-angle shifts. The 
measurement of adsorption of molecules to a noble metallic film is exemplified in 
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                         Fig. 2.2 SPR cell experimental construct  
 
 
2.3.2 SPR Instrument 
               
          The SPR instrument is depicted in Fig. 2.3. The light from the laser (e.g. 
He/Ne laser with a wavelength λ = 632.8 nm) was modulated at a specific 
frequency by a beam chopper and passed through a pair of polarizers P1 and P2. 
P2 was set to obtain a polarization in the plane of incidence (p -polarized beam) as 
required for the evanescent wave excitation, whereas P1 was rotated to adjust the 
beam intensity at will. The laser light was then reflected via the cleaned LaSFN9 
glass prism symmetrically placed over the LaSFN9 glass with the deposited gold 
film and the attached sample cell, with a matching oil (n = 1.7) between the prism 
and the glass. The other end of the cell was closed by a freshly cleaned BK7 glass 
and the whole setup mounted on the goniometer. This is known as the 
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Kretschmann and Raether configuration. The optical setup was precisely and 
carefully aligned so that the surface plasmon resonance would occur at exactly the 
center of the cell. The goniometer was calibrated such that the reflected angle of 
the laser beam to the photodiode would always be exactly equal to the incident 
angle of the beam into the prism. The accuracy of the measurement depends on 
several factors, including temperature, alignment, and laser stability. All the flasks, 
syringes, surrounding cell, PTFE tubing and glass were thoroughly cleaned by 15 
to 30 minutes treatment in an ultrasonic bath in copious amounts of absolute 
ethanol. This was done in order to get rid of contaminations that might exist on the 
devices which would be in direct or indirect contact with the gold surface. 
Improper cleaning always leads to poor thiol adsorption. The gold-coated LaSFN9 
glass slides were prepared by evaporating 480Å of gold (99.99%) at 1 Å/s on 
freshly cleaned LaSFN9 glass at a base pressure of 10-7 Torr.  For SPR using a 
green laser source (λ=543 nm), 38nm silver film was firstly deposited and 8nm 
gold film was then deposited. For SPR using a λ=1150 nm wavelength laser 









                                        Fig 2.3 Schematic of SPR instrument 
 
 
2.4 Atomic Force Microscopy (AFM) 
 
           An AFM operates by measuring attractive or repulsive forces between a tip 
and the sample [3]. A key element of the AFM is its microscopic force sensor, or 
cantilever (see Fig. 2.4). The cantilever is usually formed by one or more arms of 
silicon or silicon nitride, 100 to 500 microns long and about 0.5 to 5 microns thick. 
Mounted to the end of the cantilever is a sharp tip that is used to sense a force 
between the sample and the tip. For normal topographic imaging, the probe tip is 
brought into continuous or intermittent contact with the sample and raster-scanned 
across the surface. Generally there are contact mode and tapping mode. In the 
contact mode, the AFM measures hard-sphere repulsion forces between the tip and 
the sample. In the tapping mode, the AFM derives topographic images from 
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measurements of attractive forces and the tip does not touch the sample. The 
tapping mode allows for high resolution topographic imaging of sample surfaces 
that are easily damaged, loosely hold to their substrate, or difficult to image by 
other AFM techniques, by alternately placing the tip in contact with the surface 
and then lifting the tip off the surface before approaching the next point. Hence, it 
is more usually used for imaging and/or manipulating nanoscale biological 
assemblies or biomolecules. 
          Our images were captured in the tapping mode for measuring the topologies 
of immobilized nanoparticles and the particle density with a Nanoscope IIIa 
instrument (Digital Instruments, CA). The sample was mounted on a sample holder 
and the laser light was aligned. Tapping mode imaging was implemented in 
ambient air by oscillating the cantilever assembly at or near the cantilever's 
resonant frequency using a piezoelectric crystal. The piezo motion caused the 
cantilever to oscillate with a high amplitude (typically greater than 20nm) when the 
tip was not in contact with the surface. The oscillating tip was then moved toward 
the surface until it began to lightly touch, or tap the surface. During scanning, the 
vertically oscillating tip alternately contacted the surface and lifted off, generally at 
a frequency of 50,000 to 500,000 cycles per second. As the oscillating cantilever 
began to intermittently contact the surface, the cantilever oscillation was 
necessarily reduced due to energy loss caused by the tip contacting the surface. 
The reduction in oscillation amplitude was used to identify and measure surface 
features.  




                                       Fig. 2.4 Schematic of AFM 
 
 
2.5 Quartz crystal microbalance (QCM-D) 
 
       The Quartz crystal microbalance (QCM) has been used for a long time to 
monitor thin film deposition in vacuum or gas. By collecting both the dissipation 
and the resonance frequency of a quartz crystal, the technology can be used to 
study the formation of thin films such as proteins, polymers and cells onto surfaces 
in liquid [103]. This is the QCM-D (Quartz Crystal Microbalance with Dissipation 
monitoring). After it was shown that the QCM may be used in the liquid phase, the 
number of applications for the QCM has increased dramatically. In liquid, an 
adsorbed film may consist of a considerably high amount of water, which is sensed 
as a mass uptake by all QCMs. By measuring several frequencies and the 
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dissipation it becomes possible to judge if the adsorbed film is rigid or water-rich 
(soft) which is not possible by looking only at the frequency response. The amount 
of water may be 90% or 10% depending on the kind of molecule and the type of 
surface you are studying. With QCM-D the kinetics of both structural changes and 
mass changes are obtained.  
        QCM consists of a thin quartz disc sandwiched between a pair of electrodes. 
Due to the piezoelectric properties of the quartz, it is possible to excite the crystal 
to oscillate by applying an AC voltage across its electrodes. The resonant 
frequency (f) of the crystal depends on the total oscillating mass, including water 
coupled to the oscillation. When a thin film is attached to the sensor crystal the 
frequency decreases. If the film is thin and rigid, the decrease in frequency is 
proportional to the mass of the film. In this way, the QCM operates as a very 
sensitive balance. The mass of the adhering layer is calculated by using the 
Sauerbrey relation: 
   
n
fCm ∆−=∆  
C = 17.7 ng Hz-1 cm-2 for a 5 MHz quartz crystal, n = 1, 3, 5, 7 is the overtone 






where ρeff  is the effective density of the adhering layer.  
QCM-D can measure both mass and viscoelasticity. In many situations the 
adsorbed film is not rigid and the Sauerbrey relation becomes invalid. A film that 
is "soft" (viscoelastic) will not fully couple to the oscillation of the crystal which 
dampens the crystal's oscillation. The dissipation (D) of the crystal's oscillation is a 
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ED π2=        
where ρeff is the effective density of the adhering layer, Elost is the energy lost 
(dissipated) during one oscillation cycle, and Estored is the total energy stored in the 
oscillator. The dissipation of the crystal is measured by recording the response of a 
freely oscillating crystal that has been vibrated at its resonance frequency. This 
also gives the opportunity to jump between the fundamental frequency and 
overtones (i.e. 15, 25 and 35 MHz). By measuring at multiple frequencies and 
applying a viscoelastic model, the adhering film can be characterized in detail; 
viscosity, elasticity and correct thickness may be extracted even for soft films if 
certain assumptions are made. 
      QCM measured both biotin-functionalized gold nanoparticles and no-biotin-
functionalized gold nanoparticles, following the procedure depicted in the second 
section of this chapter, i.e. 2.2. 
2.6 TEM 
 
       The sample solution was dipped onto a copper grid and the excess was wicked 
away by tissues and dried at room temperature. The sample was tested in a Philips 
FE CM300 microscope at 300 kV, FE stands for field emission.  
 
2.7 UV-Vis-NIR Spectroscopy  
 
         UV-Vis-NIR spectra of nanoparticles before and after biofunctionalization 
were collected using a Shimadzu UV-vis 1601 spectrophotometer.   
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2.8   FTIR spectroscopy 
 
         Samples were dried in vacuum at room temperature. The dried 
biofunctionalized nanoparticles and free biotin biomolecules and citrate were 






















Chapter 3 SPR sensitivity improvement by biotin-
functionalized gold nanoparticles at three 
wavelengths 
 
         This chapter describes the syntheses of biotin-functionalized gold 
nanoparticles and their assemblies into nanoarchitectures for SPR sensitivity 
improvement. The biotin-functionalized gold nanoparticles were characterized. 
Moreover, the SPR response at three wavelengths was studied and discussed.  
  
3.1 Strategy of STV-directed gold nanoparticle 
organization for SPR sensitivity improvement  
            
            Self-assembly is a spontaneous process in which organizational units are 
built into a well-ordered structure through H-bonding, Van-der-Waals forces, 
coordination bond, etc.. Self-assembly originated from biological assembly 
phenomena and has inspired considerable research among chemists, physicists, and 
chemical engineers to develop useful products by bottom-up approaches. For the 
precursor to self-assembly, it is often needed to be highly recognized by its size, 
shape (in rigid objects), sequence (in multicomponent macromolecules), 
conformation (in flexible objects), and spatial relationships among subunits, which 
often only biological systems currently achieve. Despite the success in enlarging 
the capacity of self-assembly by continuous, parallel or repetitive process, to scale 
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up self-assembly processes is still challenging. In view of this problem, one 
promising solution would be self-assembly of mesoscopic inorganic particles 
functionalized with biomolecules. Moreover, the formed self-assemblies are easier 
to be integrated and explored as new materials and functional devices (see the 
detailed advantages in chapter 1). 
    For the molecules used in the organization of inorganic nanoparticles, biotin-
STV attracts great interest. Because of the highly specific and strong binding 
ability between biotin and STV, the STV-biotin system has been widely used in a 
variety of biochemical fields, including affinity chromatography, and binding 
assays. Biotin has the greatest binding affinity to STV and their molecular 
recognition reaction can take place in a wide range of pH and temperatures. 
Besides, the availability of ligands [104] other than biotin, e.g. desthiobiotin, 
imido-biotin, lipoic acid, etc. with reduced binding affinities to streptavidin allows 
for studies not only of the assembly of protein layers but also of their disassembly 
by competitive replacement reactions. This way, ideas of using biotin-analogues 
and streptavidin as building blocks of a molecular LEGO or tinker-toy kit can be 
realized. With the availability of genetically modified streptavidin [105], this 
aspect can be largely extended. Once the streptavidin binding from solution to a 
matrix at the water/air or solid/solution interface is optimized and a well-organized 
monomolecular protein layer is prepared, its two remaining binding sites facing the 
aqueous phase can be used to bind and organize other functional units like 
antibodies, their fragments, colloids, oligonucleotides, PNAs, etc. This way, a very 
general cassette approach [106] for the build-up of supramolecular interfacial 
architectures with streptavidin as a universal binding matrix can be established. 
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Hence, biotin-STV system is an excellent system for STV-directed assembly of 
biotin-functionalized gold nanoparticles into complex architectures. 
     The schematic of our particle organization is depicted in Fig. 3.1. The first 
layer is a mixed thiol layer, in which the biotin moiety faces the solution for 
molecular recognition. The second one is a streptavidin protein layer formed via 
molecular recognition between the biotin moieties in the first layer and the 
streptavidin molecules introduced into the cell. It is clear to see that in the second 
layer two “docking pockets” are left on the opposite side of immobilized STV 
molecules. The third layer, the gold nanoparticle layer, is formed by molecular 
recognition between the biotin moieties on the surface of gold nanoparticles and 
the immobilized STV molecules. These biotin moieties dock to the unoccupied 
“pockets” of STV molecules. During the formation of the first layer, a mixed thiol 
solution is introduced to the gold film predeposited by thermal evaporation. The S-
terminus of the thiol molecules will interact with gold atoms to release hydrogen 
and the biotin moiety at the other end will face the solution. In the first layer 
mercaptoundecanol is chosen to form the binary mixture for the optimization of the 
binding of streptavidin. Mercaptoundecanol behaves as a “diluent” thiol to offer 
more opportunities for streptavidin to access and bind to biotin moieties with no 
dense packing [107]. On the other hand, OH-terminated long chain thiols anchored 
on the surface will completely passivate the Au surface against unspecific 
streptavidin adsorption. The above self-assembly processes were monitored and 









Fig. 3.1 Schematic of STV-directed biotin-modified gold nanoparticle organization (Note: 
NPs represents nanoparticles)  
 
 
3.2 Coupling of gold nanoparticles and biotin molecules 
and FTIR, UV-Vis, TEM characterization 
 
3.2.1 Coupling of gold nanoparticles and biotin molecules 
       The chemical structure of the used thiolated biotin was shown in Fig. 3.2. 
Precursor nanoparticles were synthesized via the citrate method and the particle 
















biofunctionalize gold nanoparticles, during which the biotin groups replaced the 
carboxylic groups and the ligand shell changed to a nearly neutral group, i.e. biotin 




Fig. 3.2 Chemical structure of the used thiolated biotin (Biotin-PEG-MPA). Note: in this 
















 Fig. 3.3 Structure of the gold nanoparticles, stabilized by carboxylic groups 
  




Fig. 3.4 Schematic of ligand-exchange reaction for the biofunctionalization of gold 




















3.2.2 FTIR, UV-Vis, and TEM characterization  
 
3.2.2.1 The gold core and the biotin shell 
 
       The synthesis of biotin-functionalized gold nanoparticles was detailed in 
chapter 2. The cores of the gold nanoparticles are more like metals, consisting of 
electron gases, compared to semiconductor nanocrystals. They can resonate if 
excited by an external electromagnetic wave and have a strong 
absorption/excitation peak in UV-Vis spectroscopy. Un-loaded and biotin-loaded 
gold particles both were measured using UV-Vis spectroscopy. In Figure 3.15, 
sharp surface plasmon absorption peaks appear for both nanoparticles, 
characteristic for gold nanoparticles. For the biotin-functionalized gold 
nanoparticles, a small red shift of the plasmon absorbance occurs as compared to 
non-functionalized gold nanoparticles. The red shift is the result of the 
introduction of a biotin shell, which has a long chain and is nearly neutral. The 



























  Fig. 3.5 UV-Vis spectra of the gold nanoparticles before (red line) and after (green line) 
ligand exchange. Both concentrations are not strictly the same.  
          
          TEM results show that particle averaged size is ca 23-24 nm and the size 





                   
 
Fig. 3.6 TEM of the biotin-loaded Au nanoparticles (top diagram) and particle size 
distribution (bottom one) 
 
         In order to confirm that the particles have been modified with biotin 
molecules, the particles before and after the addition of biotin were concentrated 
and dried under vacuum and characterized by FTIR spectroscopy (see Fig 3.7). 
Since the FTIR bands of unloaded particle stabilized by citrate are very weak, it is 
better to compare with free citrate.  Blank experiments of free biotin and citrate 
were also carried out. From the spectra, the biotin-loaded gold nanoparticles show 
two strong and sharp peaks, at 1105cm-1 and 2923cm-1 respectively. Compared 
with the blank experiments, these two bands correspond to two characteristic peaks 
of free biotin molecules, in which the 1105 cm-1 band is attributed to the C-N 
and/or C-O stretch bands and the 2923 cm-1 band is attributed to the C-H stretch 
band. This demonstrates that the biotin molecules were anchored to the surface of 
the particles. By further comparing the IR spectra of the nanoparticles with that of 
free citrate, it was found that no visible corresponding IR bands of citrate 
molecules were on the particles. Hence, it is concluded that the carboxylic groups 




























































Fig. 3.7 FTIR of the biotin-loaded gold nanoparticles and free biotin and citrate. Top 
diagram is FTIR of biotin-loaded nanoparticles and free biotin; the bottom one is that of 
free citrate. 



















































3.2.2.2 The stability of the biotin-functionalized gold nanoparticles  
        In order to test the stability of the particles, the concentrated particles were 
stored for three months at room temperature and tested with TEM and UV-vis 
spectroscopy. The test results show that the particle size remains almost the same 
(see Fig. 3.8) and the position of the absorbance peak does not change after three 
months (see Fig. 3.9). The sols after storing three months at room temperature 
were mixed with salts and afterwards UV-Vis spectra were recorded. A broad peak 
and large red shift of the peak appear, as compared to that of the stable sol. Also it 
was seen by the naked eye that black particle aggregates attached to the walls of 
the container while stable sols showed a red color and no aggregation. From these 
tests, it is concluded that the biotin-functionalized particles can be stable for at 
least three months. For the precursor gold nanoparticles, the stability of colloidal 
gold particles is attributed to the electrostatic repulsive forces of the carboxylic 
group’s negative charges on the adjacent particles for a considerable period, 
despite a large Hamaker constant which ranged from 2×10-20 J to 2.5×10-19 J [109]. 
After the exchange reaction, the carboxylic groups were replaced with neutral 
biotin molecules. Although biotin has almost no charges, it has a long carbon chain 
(ca. 32 carbons) and a dipentacycle (ureido group). Hence, it is believed that steric 
hindrance plays a considerable role in keeping the particles separate at a certain 
distance. On the other hand, the attractive force may have decreased resulting from 
the lower hydrophilicity of biotin molecules after the introduction of the biotin 
shell. The decrease of the attraction also contributes to the stability of the biotin-
functionalized gold nanoparticles. For unloaded particles, the interaction is more 
dependent on electrostatic force and therefore these particles show long time 
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stability (at least 6 months). Hence, the choice of surface functionalizing molecule 
is a key factor to get particles with needed property and good stability.   
 
 







Fig. 3.8 TEM of the fresh particles and the particles after three months. The left one is a 

























Fig. 3.9 UV-Vis spectra of fresh gold nanoparticles, the particles after 3 months, and 
the particles aggregated by salts. Green line is fresh sample; pink one is after 3 months; 
blue one is after aggregation. 















3.3 SPR sensitivity improvement under 633 nm by gold 
nanoparticle assemblies  
SPR is used in a wide variety of chemical and biological sensors [110-114]. 
Much of the recent activity has focused on issues of biochemistry [115-126], 
including protein-protein and DNA-DNA interactions. Additionally, the 
combination of SPR with other physical techniques extends its applications. Knoll 
et al reported SPR applications in wave guide optics and the combination set-up of 
surface plasmon optics with electrochemical techniques [98]. Smith L.M. et al used 
SPR combined with CCD for imaging DNA hybridization to oligonucleotide 
arrays on gold surfaces [127]. The combination of SPR with fluorescence 
techniques for enhancing fluorescence spectroscopy in DNA biodiagnostics was 
also studied [128].  
         Only very recently, was SPR sensitivity enhancement by colloidal gold in 
biodiagnostics investigated. Natan et al studied colloidal Au-enhanced surface 
plasmon resonance for ultrasensitive detection of DNA hybridization [96] and ca. 
10 pM limit of quantitation for 24-mer oligonuleotides was achieved.   
3.3.1 Biotin self-assembled monolayer (SAM) on gold film  
 
          The schematic of biotin-functionalized gold nanoparticle assembly for SPR 
sensitivity enhancement is depicted in Fig. 3.1. The first layer is a biotin SAM. 
The binary mixture including thiolated biotin in ethanol was injected into a SPR 
cell and biotin molecules self-assembled on the gold film. The binding to the gold 
film was monitored by angular scans and kinetic scans (see Fig. 3.10 and Fig. 
3.12), which clearly show that a strong chemical adsorption occurred. From Fig. 
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3.10, the surface plasmon resonance angle shifts ca. 0.4 degree, which shows that 
the biotin SAM was formed on the gold film and accordingly changed the 
refractive index of the layer immediately contacting the solvent according to the 
SPR principle.  
 











Fig. 3.10 SPR minimum angle shift due to the biotin SAM formation in ethanol. Red line 
is before biotin SAM formation; green line is after biotin SAM formation. 
 
The above obtained angular scan plots were simulated using Winspall (built-
in software of SPR instrument) based on Fresnel equations (see Fig. 3.11). The 
refractive index (n) of prism is already known to us (Dielectric constant ε = n2). 
The dielectric constants of gold film, solvent, thickness of gold film and the 
assumed dielectric constant of biotin 2.25 were input for simulation [98]. The 
simulated thickness of the biotin layer is ca 2.4 nm, close to the chain length of 
the used Biotin-PEG-MPA molecule. The obtained thickness is plotted against 
immersion time of biotin and shown in Fig. 3.12.  Within the first 5 minutes, the 
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thickness increased sharply and afterwards slowed down until equilibrium was 
reached.   
 
   
Fig. 3.11 SPR fit of the biotin SAM in ethanol. Here it is assumed that refractive index of 
biotin is 1.5. Red continuous line is fit line. 
 




















Fig. 3.12 Thickness increase as a function of immersing time of biotin in ethanol solution. 
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3.3.2 Streptavidin immobilization on the biotin SAM  
 
        Following the above biotin self-assembly, streptavidin solution in PBS buffer 
was injected into the cell. After the kinetic adsorption was measured, an angular 
scan was carried out, shown in Fig. 3.13. A larger surface plasmon resonance angle 
shift of ca. Δθ= 0.5 degree is observed. The refractive index of streptavidin is 
assumed to be 1.45 [98]. A similar simulation procedure as the above was used. A 
thickness of streptavidin ca. 3.5 nm was obtained (see Fig. 3.14), close to its 
dimension 4.5×4.5×5.3 nm3 [98]. Streptavidin thickness is dependent on its 
surface coverage. The thickness against immersion time is plotted in Fig. 3.15.   
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 Fig. 3.13 SPR minimum angle shift due to the streptavidin layer formation on the biotin 
























Fig. 3.15 The thickness of streptavidin layer as a function of immersion time in PBS buffer 

















3.3.3 Biotin-functionalized gold nanoparticle organization on the 
streptavidin layer via molecular recognition 
 
         After the streptavidin monolayer formation, the addition of biotin-
functionalized Au sol led to a pronounced minimum angle shift (see Fig. 3.16), 
compared with what was observed in the nonamplified assay, i.e. for the 
interaction between streptavidin and biotin molecule. From Fig. 3.17, we can see a 
much larger enhancement by Au particles in the SPR response than that observed 
for streptavidin itself. Fig. 3.18 shows that the kinetic plots of the above three 
binding events for comparison. It shows that for nanoparticle binding the signal 
changed dramatically until an equilibrium was reached. Its sluggish adsorption is 

















Fig. 3.16 SPR minimum angle shift due to the biotin-covered gold particles 

















Fig. 3.17 SPR minimum angle shifts comparison between STV immobilization and gold 
nanoparticle immobilization. The minimum angle shift between green line and blue one is 
STV immobilization; the minimum angle shift between blue line and wine one is 
nanoparticle immobilization. 
 


















Fig. 3.18 Kinetic adsorption behaviors of biotin, streptavidin, and biotin-covered gold 
nanoparticles. Black line is biotin; red one is STV; green one is gold NPs. 
  















3.3.4 Effect of concentration of the biotin-covered gold 
nanoparticles on SPR behaviors 
   
          Two different concentrations of the biotin-covered gold particles (1.6 nM 
and 0.5 nM) were used to study their optical behavior at high particle density (see 
Fig. 3.19 and 3.20).  The one with the high concentration has a much higher initial 
adsorption rate and reached equilibrium in a shorter time while the one with a 
lower concentration has a slower initial reaction rate (Fig. 3.19). This difference 
might be mainly attributed to the mass diffusion, which indicates that a mass-
control mechanism plays an important role in the interaction. From Fig. 3.20, for 
the sample with the high concentration, the expected much larger minimum angle 
shift is seen and even the curve widens, resulting from the considerable increase of 
scattering light due to the adsorption of large aggregates on the substrate surface. 
The scattering phenomenon was also observed for multilayers particles, described 
in chapter 1. It is concluded that particle assemblies improved SPR angle shift and 
hence sensitivity for detection and the density of particles influenced the optical 
behavior. No doubt, to explore their different phenomena and understand their 
behaviors in depth would provide us insightful views on nanoparticle assemblies 
















    
                                       





Fig. 3.19 Kinetic adsorptions of the biotin-functionalized gold particles with high and low 
concentration respectively. Red line is the one with high concentration; blue line is the one 












































































Fig. 3.20 The effect of particle concentrations on SPR minimum angle shift under 633 nm, 
shown in the above two diagrams. The top diagram is the one with high concentration; the 
bottom one is the one with low concentration.  
 
3.4 SPR sensitivity enhancements under 1152 nm, 543 nm, 
and 633 nm 
         To further explore the SPR curve behavior, the other two excitation sources, 
i.e. λ=543 nm and λ=1152 nm laser sources besides the λ=632.8nm laser, were 
used. All three measurements followed the same procedure. The obtained SPR 
spectra were put together in Fig. 3.22 for comparison. All three showed the SPR 
sensitivity improvements, as compared to the minimum angle shift of streptavidin 
molecules. From the comparison, firstly, the SPR curve for the longer wavelength 
becomes sharper, reflecting a decrease in damping experienced by the surface 
mode, which is related to the decay length of plasmons at the Au/sample interface. 
Secondly, the SPR dip at λ=543 nm is less pronounced. UV-Vis-NIR spectra of 











biotin-functionalized gold nanoparticles in Fig. 3.21 shows that the biotin-modified 
Au nanoparticles has nearly no absorption at λ=633 nm and no absorption in the 
NIR region while a strong surface plasmon absorption occurs at λ=543 nm. Hence, 
it is concluded that the shallow reflectivity curve found at λ=543nm is the result 
of local plasmon absorption by the particles.  The SPR curves at the three 
wavelengths also imply that the particle layer is relatively smooth without defects 
or roughened sites causing scattering. Hence, it is likely that the SPR curves can be 
tuned for minimizing the impacts of the “dip-up” and/or curve-widened 
phenomena associated with scattering and plasmon absorption by either choosing 
an appropriate excitation wavelength and/or manipulating molecules conjugated to 
the metallic particles. Thus the SPR sensitivity amplification can be optimized. 
Studies on SPR angle shifts under different wavelength excitation sources would 
also be useful to elucidate the amplification mechanism by tuning the SPR 
sensitivity and excluding nonbinding factors.   













Fig. 3.21 UV-Vis spectrum of biotin-functionalized gold particles  










































































































Fig. 3.22 SPR sensitivity improvements by the biotin-covered gold nanoparticle 
assemblies under three wavelengths, shown in the above three diagrams. A) on the top 
(preceding page) under 633 nm; B) in the middle under 543 nm and C) at the bottom under 















       This chapter describes how to derive a model based on the Maxwell-Garnett 
theory and calculate the dielectric function of gold nanoparticles.  
 
4.1 A theoretical model derived from Maxwell-Garnett 
theory 
  
The dielectric function of gold nanoparticles is an important parameter for 
the understanding of the nature of gold nanoparticles and their interesting optical 
properties. Although the dielectric function of bulk gold is known, that of gold 
nanoparticles is still under investigation. Hence, the calculation of the dielectric 
function of gold nanoparticles is very important for an understanding of the 
mechanism of SPR sensitivity improvement studied in the above chapter and other 
optical properties at a fundamental level.  
The Maxwell-Garnett theory, which was developed at the beginning of last 
century to calculate the effective dielectric function of heterogeneous media [129], 
approximates the dielectric function of a composite with spherical inclusion. In this 
theory, the concept of an effective dielectric function was introduced and used to 
predict optical properties of the composite. Based on this theory, the dielectric 
function of gold nanoparticles as a function of effective dielectric function (εeff) 
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was derived in the following. The geometry β and homogeneity in the spatial 
distribution were incorporated in the function to modify the Maxwell-Garnett 
theory. This model is restricted to small particles (~ 6-50 nm in diameter) at low 
concentration since too small particles have quantum effects and very large 
particles cause scattering.  
     Assuming the particle size to be much smaller than the wavelength of the 
external electric field Eext [130], we can neglect scattering and retardation effects 








−=       (1) 
where R is the mean radius of the nanoparticle for an ellipsoidal shape R=(abc)1/3, 
in which a, b, c represent the ellipsoid semiaxis, ε is complex dielectric function of 
the metal, εm the dielectric constant of the medium, and β a parameter depending 
on the particle geometry which takes a value of 1/3 for spherical shapes. The local 
electric field acting on the nanoparticle (Eloc) will be the sum of the external 
electric field applied (Eext) and the electric field created by the rest of the 
nanoparticles (Ecoll), hence:   
Eloc = Eext  + Ecoll        (2) 
To calculate Eloc,  we proceed, as in the Lorentz mode, by separating the material 
into two parts, by means of an imaginary sphere with a large radius compared with 














3 35πεε        (3) 
where P represents the polarization due to the presence of the nanoparticles in the 
matrix, rij is the vector which connects the centre of the nanoparticle-j with the 
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centre of the nanoparticle-i, and pj is the electric dipole moment of the 
nanoparticle-j. The summation is extended over all the nanoparticles inside the 
Lorentz sphere. The first term represents the electric field created by the colloid 
outside the sphere (i.e., far away from the nanoparticle-i which do not need to be 
considered individually) and the second term describes the field created by the 
nanoparticles inside the sphere.   
          If Eext is in the x-axis direction, we may assume that the macroscopic electric 
fields are oriented along the x-axis. Then, the term pj rij ≈pjx xij since the summation 
of pjy yij + pjz zij extended to large number of particles (randomly oriented) vanishes, 
where pjx and xij are the x-components of pj and rij, respectively. Thus, the 
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Defining the parameters: 
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Eq. (4) can be rewritten as: 
PPKE
mm
coll γπεε =+= )43
1(        (5) 




1 +≡  
The parameter K represents the rate between the electric field created at a particle 
position by the adjacent particles and that created by the rest of the material. When 
0≅K , it indicates that the field created by the adjacent particles is not important 
and hence the electric field at all the particles positions should be similar. This 
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occurs when the particles are separated by distances large enough to assume that 
their dipolar interaction is negligible.  
        The magnitude of the polarization, P, which arises from the colloidal system, 
can be related to the polarizability, α, by P=NαEloc, where N is the number of 
nanoparticles per unit volume in the dielectric matrix. Substituting Eloc=P/Nα and 





−= 1        (6) 
       The ensemble formed by the metallic nanoparticles embedded into the matrix 
can be described as a homogeneous medium with an effective dielectric 
function, )()( 21 ωεωεε effeffeff i+= , which is polarized as a composite. Taking into 






meff −+= 1        (7) 
Using the polarizability, α, of the nanoparticles given by Eq. (1) and separating real 
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Where the parameters A, B, C, and D are defined as follows: 
A≡ f ( ε1  - εm), B≡ f ε2 , C≡ εm + β ( ε1 – εm) – f γ( ε1 – εm),  
D≡ β ε2 – f γ ε2, γ = 1/(3 εm)+K/(4π εm), 
where f is the metallic volume fraction in the matrix, ε1, ε2 are real and imaginary 
parts of the dielectric function of the gold nanopartilces.  
Finally, through programming and mathematic transformations, the 
dielectric function ε as a function of εeff, εm, f, γ, β was derived (the formula was 
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removed due to its complexity). εeff, εm can be obtained by SPR simulations. The 
factor f is the volume fraction of gold particles and can be computed from the 
corresponding particle density from AFM images (AFM images were captured 
immediately after SPR measurement). So ε1, ε2 values of the gold particles under 
different wavelengths can be calculated. 
          In this model, gold nanoparticle arrays and the medium form a composite 
layer (see Fig. 4.1). Above the composite layer is the medium layer. The effective 
dielectric function in this model refers to that of the composite layer. Gold 
nanoparticles are regarded as spherical, as shown in the TEM images. 
 
 
  Fig. 4.1 Schematic of the model of effective dielectric function of biotin-functionalized 
gold nanoparticles 
 
4.2 Particles density determination 
 
         The particle density plays an important role in the SPR sensitivity 
improvement. Here the particle density is defined as the number of particles per 
unit surface area. Two methods, i.e. AFM and QCM, were applied to measure the 
Composite layer of gold 





particle density. For AFM, the number of particles on the substrate surface was 
manually counted and the surface area was calculated according to the scale and 
hence the particle density was computed. For QCM, based on its principle and the 
Sauerbrey equation, the particle density was obtained accordingly. To ensure 
comparability between both methods, the following requirements are adopted: (1) 
the surface for docking nanoparticles is treated in the same way to ensure its 
reproducibility; (2) synthesized nanoparticles for both measurements are uniform; 
(3) the volume fraction of particles is low(< 10%), thus interparticle coupling could 
be neglected in SPR.  
 
4.2.1 Particle density determination by AFM 
 
        In order to avoid possible deviations, the sample after SPR measurement 
was carefully treated with ethanol rinsing and softly blown in a N2 gas stream. 
AFM tapping mode was used to capture the images of the sample (see Fig. 4.2). 
From the image, gold particles are comparatively evenly distributed on the surface. 
The approximate height of the particles is close to the diameter of the particles. 
The number of particles was manually counted and divided by the surface area. 
The result is ca. 90 particles per µm2.  This method provides a direct way to study 



















Fig. 4.2 AFM image (5.0µm×5.0 µm) of Au nanoparticles on LaSFN9 glass, captured after 
SPR measurement  
 
 
4.2.2 Particle Density determination by Quartz Crystal 
Microbalance (QCM)  
       
       Following the same procedure and conditions as in the AFM measurement, 
QCM data were recorded, in which none-biotin-covered particles were used as a 
blank experiment. In Fig. 4.4 almost no visible frequency change is observed for 
uncovered-particles. In Fig. 4.3, however, significant frequency changes are 
observed for biotin-covered–particles. This clearly demonstrates that biotin-
functionalized gold nanoparticles were strongly anchored on the crystal surface by 
chemical adsorption. The frequency changes and the dissipation changes after the 
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particle immobilization were measured and thus the mass changes from these 
anchored particles were calculated by the Sauerbrey equation. The frequency 
change of 80 Hz of the fundamental frequency was used. According to the mass of 
each gold particle and the mass change, the number of particles was then worked 
out. The surface area of the crystal for immobilizing particles is known to us and 
the particle density was eventually calculated out.  The result is 102 particles per 




 Fig 4.3 QCM frequency (3 frequencies used) and dissipation changes as a function of 
biotin-covered particles immobilization. Solvent is PBS buffer and left arrow is injection 






Fig. 4.4 QCM frequency and dissipation changes as a function of uncovered particles 
immobilization. Solvent is PBS buffer and the first three arrows are injection of particles 
solution and last one is rinsing. 
 
The possible deviations of particle density obtained by both methods may be 
from the following: (1) difference of particle distribution on the substrate surface; 
(2) difference of particle concentration per tube after centrifugation; (3) the 
difference of the flat gold film; (4) error from manual counting. In this thesis, the 
AFM result is used to calculate dielectric function of the gold nanoparticles 




4.3 Simulations of SPR curves to acquire effective 
dielectric constants of the gold nanoparticles 
       
 Simulations of the SPR curves under three wavelengths were used to get 
effective dielectric constants of the gold nanoparticles (Fig. 4.5, 4.6, and 4.7). SPR 
curves were simulated using Winspall, the built-in software of the SPR instrument. 
Its principle is based on the Fresnel equation and least square fits. As seen in Fig. 
4.6, layer 1 is the prism and its dielectric function is known. Layer 2 is the 
deposited gold film and its thickness and dielectric function can be simulated. The 
obtained thickness of the gold film should be in agreement with that measured by 
the deposition set-up and the attained dielectric constant should be in a reasonable 
range. For the biotin SAM (layer 3), a value of the dielectric constant of biotin 2.25 
was used and a thickness of the biotin layer ca. 2.4 nm obtained, which is 
consistent with the chain length of the biotin molecule. The fourth layer is the STV 
layer. A dielectric constant of 2.1 was used and a thickness ca. 3.5 nm was 
calculated, corresponding roughly to the STV dimensions. The fifth layer is the 
gold nanoparticle layer. The measured particle diameter of 24 nm was used as its 
thickness because there is only one layer and the particle shape is spherical. After 
the thickness value of the fifth layer was fixed, the effective dielectric constant of 
the gold nanoparticles was obtained, which was used later to calculate the 
dielectric constants of the gold nanoparticles. The same simulation procedure was 



















Fig. 4.7 SPR fit under 1152 nm. Red continuous line is fit line.  
    
 
4.4 Estimation of dielectric constants of the gold 
nanoparticles  
 
         From the above experiments and the simulations, εeff, εm, f, γ, β were 
obtained respectively. These parameters were substituted into the equation for the 
calculation of the dielectric function of the gold nanoparticles. The obtained values 
are as follows. 
   543 nm    ε1 = -4.5062 ± 0.05         ε2 = 1.4458 ± 0.10 
632.8 nm   ε1 = -8.0271 ± 0.4       ε2 = 3.3348 ± 0.5  
   1152 nm    ε1 = -17.3695 ± 2.2    ε2 = 8.4462 ± 2.7 
 75
 
       In the above calculations, a particle size range (23 ± 0.5 nm) was taken into 
account. From the results of the wavelengths under investigation in this thesis,  
gold exhibits a strong absorption due to its electron band structure and therefore 
has a large imaginary part of the refractive indexes. In contrast, insulators usually 
have a relatively large value of the real part of the refractive indexes (around 1.5 
for organic materials) but near-zero value of their imaginary part. Our results were 
comparable with recent results obtained by ellipsometry [131]. No doubt, the 
obtained values greatly help to explore the underlying mechanism of the SPR 
sensitivity improvement at a fundamental level.  

















        1 Biotin-functionalized gold nanoparticles were successfully synthesized 
through a ligand exchange method and these gold nanoparticles were organized on 
flat gold films through the streptavidin (STV) -biotin recognition reaction. UV-Vis, 
and FTIR characterization showed that biotin molecules were successfully 
anchored to the surface of the particles. The biotin-functionalized particles showed 
good stability. Surface plasmon resonance spectroscopy (SPR) and quartz crystal 
microbalance (QCM) measurements, which monitored the organization of the gold 
nanoparticles, clearly demonstrated that the gold nanoparticles self assembled on 
the substrate. 
2 The above gold nanoparticle assemblies improved the SPR sensitivity 
greatly at λ= 633nm, λ=543nm and λ=1152nm, respectively, as compared to 
the angle shift of streptavidin. Compared with SPR at λ=633 nm, the SPR curve 
at λ=543 nm was widened and the dip in reflectivity was less pronounced, which 
proved to be the result of local plasmon absorption by the gold nanoparticles, not 
from scattering. The SPR curve at λ=1152 nm became sharper because of the 
decrease of the amount of damping, which is related to the decay length of 
plasmons at the Au/sample interface. From the SPR studies at the three 
wavelengths, it can be seen that SPR curves can be tuned so as to minimize the 
scattering and plasmon absorption by either choosing the appropriate excitation 
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wavelength and/or manipulating molecules conjugated to the metallic particles. 
Thus SPR sensitivity amplification by colloidal particles can be optimized. 
        3 A theoretical model based on the Maxwell-Garnett theory was developed 
for the acquisition of the dielectric function of the gold nanoparticles. The particle 
density on the substrate was measured by AFM. Through simulations of the 
obtained SPR plots, effective dielectric constants of the gold nanoparticles were 
acquired. By substituting these values into the derived equations, the dielectric 
constants of the gold nanoparticles at the three wavelengths were calculated. In 
case of the SPR sensitivity improvement under investigation, the obtained values 
help to understand at the most fundamental level the mechanism by why the gold 
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